This paper presents a straightforward modeling method for the complex permeability of common mode chokes. The proposed model is obtained as an RL ladder network from a single RL parallel equivalent circuit by repeated manipulation called circuit dividing. Circuit dividing is the transformation of a single parallel RL circuit into two series-connected parallel RL circuits, and is used for expressing the complicated characteristics of inductive and resistive elements such as frequency-dependent complex permeability. The proposed model can be made to basically repeat the parameter fitting up to two parameters, so that the fitting procedure is straightforward. This is a great advantage for engineers because the model can be obtained without the need for special additional optimization programs, which were required in previous works. By using this model, the common mode impedance of a choke is fitted precisely, compared to the conventional single parallel RLC equivalent model. Moreover, not only the insertion loss of the EMI filter but also a time waveform is simulated precisely by both frequency and transient analysis with the proposed model.
Introduction
Electromagnetic noise due to power conversion circuits, such as inverters, may cause electromagnetic interference (EMI) with other electronic equipment. EMI filters are used to reduce this noise, and common mode chokes, shown in Fig. 1 , are one of the main components of these filters. The choke consists of two windings and a magnetic toroidal core. The choke behaves as an inductor for the common mode current because the two fluxes created by the two line currents enhance each other, but it does not behave as an inductor for differential mode current because the two fluxes cancel each other out. Though there is a some leakage inductance due to leakage flux to the air, this leakage is outside the scope of this study and not considered.
Circuit simulation is useful for efficient design of EMI filters, but effective simulation requires precise circuit models of filter components. Models of common mode chokes must describe common mode impedance, which is proportional to the magnetic permeability, but this permeability is complexvalued and also frequency-dependent. As explained in the next section, many models for common mode chokes have been developed to describe complex permeability. In addition, some models using a resistance-inductance (RL) ladder network enable precise fitting of the permeability. However, modeling procedures of these models are obscure or require an additional program for parameter extraction, so an easier modeling method is required for wide use. This paper proposes a straightforward modeling method using an RL ladder a) Correspondence to: Katsuya Nomura. E-mail: k-nomura@ mosk.tytlabs.co.jp * Toyota Central R&D Labs., Inc.
41-1, Yokomichi, Nagakute, Aichi 480-1192, Japan to describe complex permeability for common mode chokes. The structure of this paper is as follows. Section 2 reviews existing equivalent circuit models of complex permeability and clarifies the modeling challenges. In section 3, we explain the main ideas behind the proposed modeling method. Section 4 illustrates the modeling procedure by describing and using the model for an actual choke. In section 5, experimental verification is carried out both for frequency analysis and time domain analysis. Finally, section 6 provides a conclusion.
Review of Methods for Modeling Complex Permeability
This paper focuses on precise modeling of frequencydependent complex permeability like that shown in Fig. 2 (1) , which shows the characteristics of FT-3KL cores from Hitachi Metals, Ltd. Both the absolute value and real part of permeability stay almost constant at low frequencies, whereas they decrease in the high-frequency region as frequency increases. Moreover, the imaginary part of the complex permeability exceeds the real part, so it is not negligible with respect to the resistive component of impedance, which is proportional to the imaginary part of the permeability.
Conventional choke models typically use the parallel RLC c 2018 The Institute of Electrical Engineers of Japan. (2) . In this circuit, C represents parasitic capacitance and the parallel RL circuit describes the frequency-dependent complex permeability. Figure 4 and Fig. 5 show the impedance amplitude proportional to the complex permeability and the impedance of the RL parallel circuit, respectively. In both figures, frequency characteristics show that inductance is dominant at low frequencies and resistance is dominant at high frequencies, but there is a large difference between the two, especially at high frequencies. In the impedance proportional to the complex permeability shown in Fig. 4 , resistance R and reactance Z L increase with frequency. On the other hand, in the impedance of the RL parallel circuit shown in Fig. 5 , the resistance stays constant at higher frequencies; in this case, the resistance stays about 5 kΩ over 1 MHz. Moreover, the phase of both impedances, shown in Fig. 6 , shows large differences even at low frequencies. Hence, a single parallel RL circuit can describe complex permeability characteristics qualitatively It is reported that the equivalent circuit including complex permeability is described as Fig. 7 (3)- (6) , which places the frequency-dependent inductance and resistance in series. Here, L( f ) and R( f ) represent impedances that are proportional to the real and imaginary parts of the permeability, respectively, and C represents parasitic capacitance. However, such frequency-dependent inductance and resistance cannot be modeled in an ordinary way in circuit simulators. Some techniques have described such frequency-dependent components as the arbitrary current source or voltage source with an s-function (7) (8) , but these models are generally suitable only for frequency analysis, and we need to obtain time waveforms by use of a numerical Laplace transform inversion, which is relatively time-consuming and sometimes suffers from convergence issues (9) . Using a ladder RL network is the other approach for more precise fitting of complex permeability. Sullivan (10) proposed a Cauer-type ladder model but used Nelder-Mead optimization method written with MATLAB to fit circuit parameters, so it needs a special program for making the model. Labarre (11) also proposed a Cauer-type equivalent circuit, but the fitting procedure is not clear. Stevanovic (12) proposed a ladder network of RLC parallel circuits for expressing multiple resonances rather than modeling of frequency-dependent permeability, but this model has high degree of freedom so this model also can describe complex permeability. However, this model also needs an additional optimization program using a genetic algorithm for parameter fitting. Tan and Cuellar (13) (14) proposed a fitting technique based on the versatile method called vector fitting (15) . In this technique, a measured data is iteratively approximated as the rational function by solving matrix equations; this function is expressed as the equivalent circuit by the circuit synthesis technique shown in (16) . However, again, an additional program is needed to derive the equivalent circuit.
The drawbacks of the conventional models are summarized as follows.
( 1 ) Single RLC models cannot describe frequencydependent complex permeability precisely.
( 2 ) Frequency-dependent models with R( f ) and L( f ) are precise but undesirable for transient analysis due to the use of numerical Laplace transform inversion. ( 3 ) Conventional RL or RLC ladder models are precise and can be used in both frequency and transient analysis, but their modeling process needs an additional special program. For these reasons, we propose a precise model with a straightforward modeling process that does not require additional programs for parameter fitting and can be used in both frequency and transient analysis.
Overview of the Proposed Modeling Method of Complex Permeability
In the proposed model, the equivalent circuit is expressed as an RL ladder circuit. The main difference between the proposed model and previous models is that our model can be obtained from a single RL parallel circuit by repeating the transformation of separating a single RL parallel circuit into two parallel RL circuits in series to improve the approximation quality, whereas the obtained equivalent circuit will be essentially the same. We call this transformation circuit dividing, and in this section we explain how to use circuit dividing in the fitting method.
Circuit Dividing
The application of circuit dividing to a single parallel RL circuit is shown in Fig. 8 . This manipulation facilitates expression of the more complicated inductive and resistive characteristics shown in Fig. 4 and Fig. 6 , that cannot be expressed with a single RL parallel circuit. Here, to adjust impedance only in the middle frequencies while keeping it constant in the low and high frequencies, we apply the constraint that the sum of the resistance and inductance are equal before and after circuit dividing.
The influence of circuit dividing on the impedance characteristic is shown in Fig. 9 and Fig. 10 . The difference between Fig. 9 and Fig. 10 is the relationship between R a and R b , i.e., R a < R b in Fig. 9 , but R a > R b in Fig. 10 . The two lines for Z RL a and Z RL b are the impedances of each single RL parallel circuit, and the line Z RL ab is the summation of them, so circuit dividing has changed impedance from Z RL to Z RL ab . In Fig. 9 (b), the region around 45 degrees is expanded by the circuit dividing, and in this region, as shown in Fig. 9 (a), the impedance characteristics show a dip. On the other hand, as shown in Fig. 10 , the impact of circuit dividing is relatively small compared to that of Fig. 9 , so in order to enhance the effect of circuit dividing, the following constraints from Fig. 9 are always applied.
It is worth noting that, regarding the characteristics of Z RL ab , Z RL a with higher inductance is dominant in the lowfrequency region, whereas Z RL b with higher resistance is dominant in the high-frequency region. This feature is used in the fitting process, as explained in the next subsection. 
Fitting Method Using Circuit Dividing
The impedance characteristics proportional to the complex permeability can be fitted by using circuit dividing as follows. First, we determine the frequency region of interest and conduct the fitting with a single RL parallel circuit. Here, the inductance is adjusted to match the low-frequency characteristics, and the resistance is determined by the maximum amplitude of the impedance within the frequency region of interest. At this point, the fitting result, shown in Fig. 11 , has a large error both in amplitude and degree. Next, we conduct circuit dividing to improve the fitting precision, but it is difficult to fit over the whole frequency region with one circuit division, so only the lower-frequency region is updated, as shown in Fig. 12 . It is obvious that circuit dividing improved the fitting precision in the low-frequency region, but a large error still remains in the high-frequency region. Then, the circuit dividing is repeated. Here, the line labeled "after dividing 1" in Fig. 12 (a) determines the low-frequency characteristics and the line labeled "after dividing 2" determines the high-frequency characteristics, that corresponds to the lines labeled "Z RL a " and "Z RL b " in Fig. 9 (a). For this reason, we apply circuit dividing to the RL circuit of line 2 in Fig. 12 (a), fixing the RL value of line 1. By this technique, the highfrequency fitting precision is improved while retaining the already high precision in the low-frequency region. As shown in Fig. 13 , the fitting precision in the high-frequency region is improved by the second round of circuit dividing, and the well-fitted region expands as a result. Thus, the proposed method enables us to develop a precise model by repeated circuit divisions, each of which expands the region of high accuracy from the low frequencies to the high frequencies. The fitting procedure is further explained using the equivalent circuit and circuit parameters shown in Fig. 14 as follows. First, fitting is performed for the single RL parallel circuit having resistance R 0 and inductance L 0 . Next, the first circuit division is performed under the following constraints, which are based on the relationships in (1)-(4).
Here, the fitting parameters are R 1 and L 1 because R 0 and L 0 are given and R diff1 and L diff1 are determined by R 1 and L 1 . Next, the second circuit division is performed on the parallel circuit consisting of R diff1 and L diff1 under the following constraints.
Here, the fitting parameters are R 2 and L 2 . Thus, with R 0 , . . . , R N−1 , L 0 , . . . , L N−1 known, circuit dividing is performed on the parallel circuit with R diffN−1 and L diffN−1 under the following constraints.
Here, the fitting parameters are R N and L N . This circuit dividing process is repeated until the fitting precision has improved sufficiently for the frequency region of interest.
The proposed model has many circuit parameters, but it is not necessary to optimize all of them at the same time basically; the model requires the fitting of up to two parameters repeatedly, which is simple and easy. This is the model's great advantage for hand-fitting because it is difficult for engineer to fit many parameters simultaneously. The actual fitting procedure is explained in the next section.
Modeling Procedure for Common Mode Chokes
The modeling procedure consists of following four steps.
( 1 ) Measure the common mode impedance of the choke. ( 2 ) Fit the parasitic capacitance and remove it. ( 3 ) Fit the derived impedance characteristics using circuit dividing. ( 4 ) Make the equivalent circuit model using the obtained circuit parameters. We performed modeling with an actual coil, which has toroidal core F1AH0972 from Hitachi Metal, Ltd., made of nanocrystalline magnetic material with two 9-turn windings of 1.0-mm-diameter enameled copper wire.
Measure the Common Mode Impedance of the Choke
Common mode impedance was measured over frequencies of 150 kHz to 30 MHz using an impedance analyzer (Agilent 4294A) as shown in Fig. 15 . The measurement result is shown in Fig. 16 .
Fitting of the Parasitic Capacitance
Parasitic capacitance is fitted from the results for the high-frequency region in Fig. 16(a) . We consider the measurement circuit is composed as the circuit shown in Fig. 7 , and our goal is to fit the frequency-dependent RL circuit as the RL ladder circuit. To do this, the impedance of the capacitance is removed using the following equation.
where Y meas is the measured admittance, C is the fitted capacitance, and Z meas and Y meas are the calculated impedance and admittance, respectively. By this subtraction, Z meas becomes the impedance corresponding to R( f ) + jωL( f ) in Fig. 7 . In Fig. 16 , an absolute value of impedance of over 5.1 MHz, the point at which the impedance is sufficiently capacitive because the phase is less than −45
• , was used for fitting. As shown in Fig. 16(a) and (b) , parasitic capacitance removal decreased the impedance drop-off in the high-frequency region, and changed the phase from negative to positive.
Fitting Using the Circuit Dividing Procedure
Impedance fitting for Z meas is conducted using the circuit dividing procedure. Here, we demonstrate the hand-fitting to emphasize the advantage of the proposed modeling method which does not require any additional programs; however, the fitting with an optimizer is also possible as shown in appendix 1.
The fitting procedure is as follows.
( 1 ) Determine R 0 and L 0 ; R 0 is obtained from the maximum impedance amplitude over all frequencies, and L 0 is from the impedance amplitude at low frequencies, where the inductive impedance is dominant. ( 2 ) Perform the first circuit dividing and optimize R 1 , R diff1 , L 1 , and L diff1 to improve the fitting precision in the low-frequency region. ( 3 ) Perform a second circuit dividing and optimize R i , R diffi , L i , and L diffi to improve the fitting precision over a wider frequency range compared to the first division; repeat circuit dividing until the fitting precision converges compared to the previous result. Resistance R i , R diffi and inductance L i , L diffi are optimized by adjusting the two parameters k i and l i , which are defined as follows: 
For the unified discription, R 0 and L 0 are written as R diff0 and L diff0 , respectively. Here, the inequalities in (18) and (19) correspond to (15) and (16), respectively, and the initial values of k i and l i are both set to 0. The hand-fitting procedure for k i and l i is as follows. As shown in the appendix 2, the absolute value of impedance Z c at the cutoff frequency-the frequency where the impedances of resistance and inductance cross each other-is decreased by the circuit dividing, and it almost depends on k i + l i . In other words, |Z c | changes only slightly for different values of k i under the same k i + l i . Furthermore, as also shown in appendix 2, the phase of Z c always increases as k i increases under the same k i + l i . By using these characteristics, we fit k i + l i from |Z c | and then fit k i from the phase data at the cutoff frequency as described below.
First, at the cutoff frequency f c , the absolute value of the impedance before circuit dividing is compared with the absolute value of the target impedance. In other words, we calculate the change rate A, which is defined as follows:
Note that the second term of Z goal is used to remove the impedance of the RL circuit not subject to circuit dividing. Next, k i + l i is determined using |A| by the transformation map shown in Fig. 17 . This curve is written with the following equation derived in appendix 2:
Finally, the phase at the cutoff frequency is compared to adjust k i . Figure 18 shows the results of the first circuit dividing. The absolute value and phase of the impedance at the cutoff frequency are fitted by adjusting k 1 + l 1 and k 1 , respectively. Next, second circuit dividing is conducted. At first, k 2 + l 2 is adjusted using the absolute values of impedance data shown Fig. 19 , and then k 2 is adjusted using the phase data shown in Fig. 20(b) .
In this case, circuit dividing was conducted two times, and the precision of fitting was improved by the iterative circuit dividing as shown in Fig. 18 and 20. The fitting is poor for frequencies over 10 MHz in Fig. 20 , but this is trivial because, at these frequencies, the actual coil has the parasitic capacitive characteristics as shown in Fig. 16 . Figure 21 and Table 1 show the equivalent circuit and circuit parameters, respectively, of the common mode choke model used for verification. Coupling coefficient k is set to 1. The obtained equivalent circuit in this case is a three-stage Foster-type circuit because the circuit is divided twice. In Fig. 21(b) , inductors of the positive and negative lines are perfectively coupled, so this circuit affects only common mode current, not differential mode current. Figure 22 shows the measured and fitted impedance results, with the fitted results obtained from two models, a conventional single RLC parallel model and the proposed model. Parameters for the RLC model are also optimized; inductance L and capacitance C were adjusted to match the impedance at low and high frequencies, respectively, and resistance R was optimized to minimize the error using function (A1) after L and C were determined. As shown in Fig. 22 , the proposed Table 1 . Circuit parameters for equivalent circuit model matched the measured impedance with better precision compared to the conventional RLC model.
Making the Equivalent Circuit

Verification of the Common Mode Impedance
Experimental Verification of the Proposed Model
Insertion Loss of a Noise Filter with Frequency Analysis
Experimental verification of the insertion loss due to a noise filter with common mode chokes was carried out using both the proposed and conventional models. We used a T-type filter with two common mode chokes, as shown in Fig. 23 , and the filter insertion loss was measured using the setup shown in Fig. 24 . The common mode chokes were the same type of nanocrystalline coil used in the last section, and 1-nF film capacitors were used for Y-type capacitors. Insertion loss of the filter was measured at two ports using a network analyzer (Agilent E5071C), with the average time set to the maximum of 999. The measured frequency region was from 100 kHz, which is the analyzer's lower limit, to 30 MHz.
The simulated insertion loss IL was calculated using the 
where V out1 and V out2 are the output voltage with and without the filter, respectively (17) . As a circuit simulator, LTSpice (18) was used in this paper. Figure 25 shows the results for the measured and simulated insertion losses. The maximum error was 8.4 dB for the conventional single RL parallel model, while the proposed model showed an error of 3.6 dB. This result showed that the proposed model can more precisely simulate the insertion loss of the noise filter. Although the phase data contained a substantial error between 1 MHz and 10 MHz, this is not a problem in practical applications because the major concern in a noise filter is the amplitude of the insertion loss.
Voltage Ripple Evaluation with Transient Analysis
Experimental verification of transient analysis with a common mode choke was also carried out using both the proposed and conventional models. As shown in Fig. 26 , a board mounted the common mode choke, which was the same coil used previously, was connected to an oscilloscope (Tektronix DPO7104C) and a function generator (Tektronix AFG3011C) by co-axial cables (Fujikura RG-58C/U), and the voltage waveform was measured. The input waveform was a trapezoidal wave with a frequency of 500 kHz and a duty cycle of 50%. It should be noted that parasitic capacitances between the signal line and the ground of co-axial cables affected the voltage waveform, so the capacitances were extracted from the impedance results shown in Fig. 27 and the values 55 pF and 114 pF were used in the circuit simulation as shown in Fig. 26 . We measured the impedance between an inner signal pin and outer ground of the co-axial cables using an impedance analyzer (Agilent 4294A), and then the impedance was fitted by hand. The lengths of these cables were 525 mm and 1,032 mm, and according to the datasheet, their capacitance is 102 nF/km, so their capacitances were estimated as 53.6 pF and 105.3 pF, respectively. The errors between measurement results and these estimations are both less than 10%. Figure 28 shows the measured and simulated voltage waveforms. The conventional model result shows a smaller ripple voltage of 51 mV compared to the measured result of 75 mV, while the proposed model result of 73 mV almost matches the measured value. The error percentages for the conventional and proposed models were 31% and 2.6%, respectively. The proposed model provided a more precise transient simulation 
Conclusion
In this paper, we presented a straightforward method of modeling complex permeability for common mode chokes. The proposed model was structured as an RL ladder network derived from a single RL parallel equivalent circuit by repeating a manipulation called circuit dividing. By this model, common mode impedance of a choke was fitted more precisely compared to the conventional single RLC equivalent model. Moreover, the prosed model precisely simulated both noise filter insertion loss by frequency analysis and ripple waveforms by transient analysis.
This proposed model requires a repeat of parameter fitting for up to two parameters basically, so the fitting procedure is straightforward. This is very advantageous for engineers because the model can be employed without using the additional special optimization programs such as a genetic algorithm required in previous works.
Parameter Extraction by an Optimizer
In this appendix, an optimizer is used to reduce the error of fitting; however, adequate precision is also obtained by handfitting as shown in section 4.
We used the following function of the sum of the squared errors.
Here, Z fit is the fitted impedance and the frequency region is determined properly for each case. This function evaluates both real and imaginary values of the impedance, and depending on the coefficient of the log function, F Re is large when the real part of Z meas is dominant and F Im is large when the imaginary part of Z meas is dominant. Additionally, because the square of the log function is used, the value of the function is determined by the ratio of the real or imaginary parts of Z meas and Z fit ; for example, the values of the function are the same whether the ratio of Re (Z meas ) to Re (Z fit ) app. Fig. 1 . Fitting results for impedance after parasitic capacitance removal, (a) amplitude and (b) phase. "1 time" and "2 times" refer to the results after the first and second circuit dividing, respectively. The result of "2 times" cannot be seen clearly because the results of "1 time" and "2 times" are almost identical is 10:1 or 1:10. app. Table 1 shows the values of the function for some specific impedances. As we intended, F Re is large when the real part of Z meas is dominant, and F Im is large when the imaginary part of Z meas is dominant. Also, the value of the function is the same, regardless of whether the dominant part of Z fit is 10 times or 1/10 of Z meas . Thus, the value is determined by the ratio of the dominant parts of Z meas and Z fit . The fitting procedure is the same as described in subsection 4.3 except for the following additional last step.
( 4 ) After the results converge, optimize all parameters of R and L simultaneously. Note that more than two parameters are optimized exceptionally in this step. Although optimization of many parameters sometimes causes convergence problems, these problems are avoided here because appropriate initial parameter values, which are close to the desired solution, have already been obtained by the previous three steps. We used the generalized reduced gradient (GRG) nonlinear optimizer, which is one of the solvers that can be used in Microsoft Excel 2010, to minimize the value of function (A1).
app. Fig. 1 shows the transition of impedance characteristics under the fitting. In this case, circuit dividing was conducted two times and the maximum frequency of interest was 100 kHz during the first division and 10 MHz during the second division. The first circuit division improved the fitting app. Table 2 . Circuit parameters for equivalent circuit (a) (b) app. Fig. 2 . Fitting results for impedance of the common mode choke, (a) amplitude and (b) phase app. Fig. 3 . Relative errors of common mode impedance precision compared to the initial fitting, while the second circuit division produced a negligible improvement compared to the first division, indicating that the results had converged. After that, all parameters were optimized for the frequencies from 10 kHz to 10 MHz, which produced the "Last" lines in the figure. The fitting is poor for frequencies over 10 MHz in Fig. 1 , but this is trivial because, at these frequencies, the actual coil has the parasitic capacitive characteristics as shown in Fig. 16 . The equivalent circuit is the same as that in the Fig. 21 and the circuit parameters are shown in app. Table 2. app. Fig. 2 shows the measured and fitted impedance results, with the fitted results obtained from three models, the proposed models by hand-fitting and an optimizer, and a conventional single RLC parallel model. The both proposed models by hand-fitting and an optimizer matched the measured impedance with better precision compared to the conventional RLC model.
app. Fig. 3 shows the relative errors of the two proposed models and a conventional model. The conventional model result showed approximately 50% error, while the proposed Further analysis is performed using the change rate A defined by the impedance before and after circuit dividing, Z before and Z after , respectively, as follows. Because Z before and Z after are complex numbers, A is also a complex number. app. Fig. 6 shows the change rate A plotted on the complex plane, where cases with the same k i + l i are plotted with curves of the same color. app. Fig. 6 indicates that the absolute values of A decrease as k i + l i increases. app. Fig. 7 shows the absolute value of the change rate A versus k i + l i . Although there are a few narrow ranges of values under the same k i +l i , |A | tends to decrease as k i +l i increases. The change rate A is a function of k i and l i , and we can give one-to-one correspondence to the rate and k i + l i , as in (23), by taking the condition k i = l i . Derivation of (23) is as follows, where we consider circuit dividing of R and L shown in Fig. 8 . Impedance before circuit dividing is written as and from the condition R = ωL satisfied at the cutoff frequency, we obtain the following result. we can obtain the following result.
We can derive (23) by substituting (A6) and (A12) into (A4) and assigning (k i + l i )/2 into k i and A into A .
